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The 1.1MDa cell-wall-associated adhesion protein of
staphylococci, Ebh, consists of several distinct re-
gions, including a large central region with 52 imper-
fect repeats of 126 amino acid residues. We investi-
gated the structure of this giant molecule by X-ray
crystallography, circular dichroism (CD) spectrome-
try, and small-angle X-ray scattering (SAXS). The
crystal structure of two repeats showed that each re-
peat consists of two distinct three-helix bundles, and
two such repeats are connected along the long axis,
resulting in a rod-like structure that is 120 A˚ in length.
CD and SAXS analyses of the samples with longer re-
peats suggested that each repeat has an identical
structure, and that such repeats are connected tan-
demly to form a rod-like structure in solution, the
length of which increased proportionately with the
number of repeating units. On the basis of these re-
sults, it was proposed that Ebh is a 320 nm rod-like
molecule with some plasticity at module junctions.
INTRODUCTION
Staphylococcus aureus is a major cause of hospital- and com-
munity-acquired infections. S. aureus causes serious and fatal
diseases, such as toxic shock syndrome or septicemia (Dinges
et al., 2000). Moreover, S. aureus has the remarkable ability to
become readily resistant to antibiotics. Indeed, it has already ac-
quired resistance to almost all available antibiotics, resulting in
an increase in the incidence of acute hospital-acquired infec-
tions (Hiramatsu et al., 1997). Extensive studies have focused
on the antibiotic resistance and/or pathogenicity, and genome
sequencing analysis confirmed the existence of many resistance
genes acquired by horizontal transfer from other species and
virulence factors (Kuroda et al., 2001; Holden et al., 2004).
Genome analyses of several strains of S. aureus revealed the
presence of a giant gene that is 31,494 bp in length. The putative
protein of ca. 1.1 MDa encoded by this gene shows homology to488 Structure 16, 488–496, March 2008 ª2008 Elsevier Ltd All rightsthe major adhesion protein of Streptococcus defectivus, Emb,
a protein that binds to the extracellular matrix (ECM) of host cells;
therefore, the giant protein was named Ebh (ECM-binding pro-
tein homolog; Kuroda et al., 2001; Clarke et al., 2002). The cen-
tral region of this giant molecule contains 52 imperfect repeats of
a unit consisting of 126 amino acids, which is further divided into
2modules: an uncharacterized sugar-bindingmodule (Smodule)
and G-related albumin-binding module (A module). Pairwise
comparison of the repeats shows that the averaged sequence
identity (similarity) is 41% (86%). As both modules are found
in a range of bacterial cell-surface proteins, and as the C-termi-
nal region of Ebh has an additional eighth iteration of a domain of
unknown function (DUF1542) that is found in several cell-surface
proteins, Ebh is thought to be expressed at the surface of the
bacterial cells. In the genome of the methicillin-resistant
S. aureus strains N315 and Mu50, ebh is divided into two ORFs,
ebhb and ebha, by a mutation from C to T at position 11,671
(which corresponds to the nucleotide number of ebh from
S. aureus strain COL) (Kuroda et al., 2001). The predicted molec-
ular masses of EbhB and EbhA are 421 kDa and 722 kDa,
respectively, and they include 7 and 44 repeats of the unit,
respectively.
In addition to the information from genome analysis, several
functional properties have been reported to date. Expression
of Ebh is regulated by the accessory gene regulator (agr) system,
which regulates the majority of virulence factors in S. aureus
(Clarke et al., 2002). A fragment of the central repeat region of
Ebh was found to bind specifically to human fibronectin (Clarke
et al., 2002). In addition, a homolog of Ebh from S. epidermidis,
Embp, was found to bind to fibronectin, but not to collagen, fi-
brinogen, laminin, or vitronectin (Williams et al., 2002). Anti-Ebh
antibodies are detected in sera from S. aureus-infected patients,
suggesting that Ebh is indeed expressed in bacterial cells during
infection (Clarke et al., 2002). Cymborowski et al. determined the
crystal structure of a single repeat unit (PDB code: 1XVH), which
is a columnar structure composed of two tandemly repeated
three-helix bundles. Despite these findings, the significance of
repetition and/or the functional distinction or similarity between
repeating units remained to be determined. Iteration of functional
domains is commonly observed in cell-surface proteins of bac-
teria, especially in microbial surface components recognizingreserved
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1998); however, other proteins do not contain the large number
of repeats observed in Ebh.
In the present study, we investigated the effects of the repeats
on the molecular properties from a structural viewpoint. We ex-
plored partial proteins containing several repeating units of
Ebh by X-ray crystallography, circular dichroism (CD) spectrom-
etry, and small-angle X-ray scattering (SAXS). Based on the re-
sults of these analyses, it was proposed that Ebh is a 320 nm
rod-like molecule with some plasticity at module junctions.
RESULTS
Crystal Structure of EbhA-R7-R8
In this study, thecrystal structureof two iterated repeatingunitsof
Ebhwas determined. The partial protein EbhA-R7-R8,which cor-
responds to a region fromposition 756 toposition 1003of EbhA in
S. aureus Mu50 (or 4667–4914 in Ebh from S. aureus COL), was
chosen as a target region. The structure was determined by the
single-wavelength anomalousdiffraction (SAD)methodat a reso-
lution of 2.35 A˚. Two molecules of EbhA-R7-R8 exist in an asym-
metric unit, and models from Ala756 to Asn1003 with a cloning
artifact sequence of LEH at the C termini and from Gly758 to
Asn1003were finally constructed for molecules A and B, respec-
tively. Two repeating units (seventh and eighth repeating units)
are tightly connected to each other by an angle of160 between
their axes, resulting ina rod-like, dog-leg structurewithadistance
of ca. 120 A˚ between the edges (Figure 1A).
All repeating units, including that deposited in the PDB (PDB
code: 1XVH), have very similar structures to each other and con-
sist of two three-helix bundles,which correspond to theSmodule
and A module, respectively. Although both the S and A modules
are three-helix bundles, they are clearly distinct in both primary
and tertiary structures (Figures 1 and 2). The first and second
helices in the S module are connected by a short helix running
perpendicular to other helices (Figure 1). These structural fea-
tures are very different from the b zipper of FnBP, another fibro-
nectin-binding adhesion protein (Schwarz-Linek et al., 2003).
The S and Amodules within each repeating unit are connected
(S-A junction; the S module is located at the N terminus, and the
A module is at the C terminus) by a short loop (Figure 1). The
short a helix in the S module forms a number of hydrogen bonds
and van der Waals interactions within the module and/or be-
tween modules; in the case of the short helix in the seventh re-
peating unit, five hydrogen bonds and nine van der Waals inter-
actions are formed, suggesting that they make a contribution to
maintenance of the arrangement of the modules. On the other
hand, the Amodule of the sevnth repeating unit and the Smodule
of the eighth repeating unit are connected with a long helix par-
ticipating in both three-helix bundles in the adjacent modules. At
the junction between these modules (A-S junction; the A module
is located at the N terminus, and the S module is at the C termi-
nus), completely conserved hydrophobic residues, Leu879,
Met883, Leu886, Ile890, Ala920, and Val944, create a hydropho-
bic core with highly conserved hydrophobic residues, Leu848,
Val917, Ile923, Leu924, and Val937. Thus, unlike the repeating
units of other proteins, which are linked by the flexible loop,
the repeating units of Ebh are connected rather tightly through-
out the entire molecule.StructureFigure 3A shows a superposition of twomolecules in an asym-
metric unit. The superposition of Ca chains in the seventh re-
peating units results in a shift of ca. 7.2 in the eighth repeating
units; the root-mean-square deviation (rmsd) of main chain
atoms in the eighth units is 3.12 A˚. Figure 3B shows a superposi-
tion of three repeating units, EbhA-R1, R7, and R8, where the A
modules are superposed. The shifts of the S modules vary from
ca. 3 to 15. On the other hand, if a region containing the Amod-
ule of the seventh repeating unit and the S module of the eighth
repeating unit is considered as a structural unit, then the shift
of the S module located at the C terminus of the superposed
A module is ca. 5.1 when the A modules are superposed
(Figure 3C). These results suggest that the module junctions
have a certain degree of plasticity. For further evaluation of the
structural plasticity at the S-A and A-S junctions, we compared
the structural deviations of the junctions in different molecules.
Table 1 shows rmsds of the main chain atoms of each module
after appropriate superposition. Both the S and Amodules could
be well superposed by themselves, with rmsds of 0.73 and
0.70 A˚, respectively. However, when A modules were super-
posed, the rmsd of the S module located at the N terminus of
the superposed A module was 3.12 A˚, whereas that of the
Figure 1. Crystal Structure of EbhA-R7-R8
(A) Ribbon diagram of EbhA-R7-R8. The ribbon model is colored according to
the sequence, from blue at the N terminus to red at the C terminus. The repeat-
ing units are indicated.
(B) Topological diagram of EbhA-R7-R8. Squares indicate a helices. Colors
correspond to those in (A).16, 488–496, March 2008 ª2008 Elsevier Ltd All rights reserved 489
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Structural Analyses of Ebh from S. aureusFigure 2. Sequence Alignment of Repeating Units in EbhA
Sixteen repeating units located in the N termini of EbhA are aligned. The upper and lower panels show the sequences of the S module and the A module, respec-
tively. Completely conserved residues are highlighted in red, and conservatively mutated sites are shown in blue. Cylinders indicate that the region has an a helix.
Colors of cylinders correspond to those of the seventh repeating unit in Figure 1B.S module located at the C terminus was 1.81 A˚. Considering the
difference in the number of superposed molecules, we cannot
conclude directly from this calculation that the S-A junction is
more flexible than the A-S junction. However, it is obvious that
A and S modules of this molecule are connected rather tightly
and that there is some comparable plasticity at both junctions.
Circular Dichroism Spectra of Each Repeating
Unit of Ebh and Repeating Units of the Iterated
Protein of Ebh
X-ray crystal structural analysis indicated that repeating units
are not structurally affected by one another in two repeating490 Structure 16, 488–496, March 2008 ª2008 Elsevier Ltd All rightsunit-linked proteins. To evaluate the structure of each repeating
unit in other repeating unit-linked proteins, five types of partial
protein, i.e., proteins containing only the 7th repeating unit
(EbhA-R7), 7th and 8th repeating units (EbhA-R7-R8), 5th–8th
repeating units (EbhA-R5-R8), 10th–13th repeating units (EbhA-
R10-R13), and 10th–19th repeating units of EbhA (EbhA-R10-
R19), were analyzed by CD spectrometry. EbhA-R7 was used
as a model for a single repeating unit protein, because other re-
peating units, such as EbhA-R5, -R6, or -R8, tend to be de-
graded when expressed as single units. Figure 4A shows the
CD spectra of EbhA-R7, EbhA-R7-R8, EbhA-R5-R8, EbhA-
R10-R13, and EbhA-R10-R19. All proteins showed typicalreserved
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Structural Analyses of Ebh from S. aureusspectra for an a-helical structure, i.e., two negative peaks at 208
and 222 nm, agreeing well with the crystal structure. When the
CD spectra of proteins of distinctive lengths were compared,
the molar ellipticity was shown to be increased with the number
of repeating units in the molecule (please note that they were not
Figure 3. Superposition of Molecules
(A) Superposition of two molecules in an asymmetric unit. Superposition of the
seventh repeating unit. A structural unit used for the calculation of the overall
structure described in the Discussion is also indicated.
(B) Movement at the junction between the S module and the A module in a
repeating unit. Superposition of the seventh repeating unit (red), the eighth
repeating unit (green), and the first repeating unit (orange). A modules are
superposed.
(C) Movement at the junction between the A module of EbhA-R7 and the S
module of EbhA-R8. Superposition of the A module in the seventh repeating
unit and the G module in the eighth repeating unit in two molecules in an
asymmetric unit. A modules are superposed. The direction of the A module
is identical to that in (B).Structurenormalized by mean residue weight). Repeating unit-linked pro-
teins, which have same number of repeating units, show similar
CD spectra; i.e., spectra of EbhA-R5-R8 and EbhA-R10-R13
could be superposed well. Figure 4B shows CD spectra normal-
ized by the number of repeating units, which shows that all spec-
tra were well superposed. These results strongly suggest that
the structures of each repeating unit are identical and are simply
iterated in repeating unit-linked proteins without novel structures
by the conjugation of repeating units.
SAXS Measurement and Ab Initio Modeling
from SAXS Data
To gain insight into the overall structure of Ebh, EbhA-R7, EbhA-
R7-R8, EbhA-R5-R8, EbhA-R10-R13, and EbhA-R10-R19 were
also analyzed by SAXS. Prior to the SAXS measurements, the
polydispersities of these proteins were estimated by dynamic
light scattering, which yielded values of 23.3%, 24.4%, 10.1%,
11.0%, and 10.5%, respectively. These results indicate that
these proteins are monomodal and suitable for SAXS analysis.
Figure 5A shows the pair distance distribution (P(r)) functions
of each partial protein. All proteins show asymmetric curves of
a gradual slope on the right side, suggesting that the proteins
have cylindrical shapes (Kajiwara and Hiragi, 1996). All curves
have a top at around 20 A˚, and Dmax increased with the numbers
of the iteration of repeating units. Guinier plots for cross-sections
of each protein show nearly equal Rc values for all proteins
(Figure 5B; Table 2). The diameters of the cross-section under
the assumption of columnar structure calculated from the Rc
values are between 15.3 and 21.7 A˚, in agreement with the iden-
tical tops of these proteins in the P(r) functions at 20 A˚. These re-
sults strongly suggest that these proteins have cylindrical struc-
tures with similar cross-sectional diameters and lengths that
differ from one another by the number of domain iterations. It
is plausible that the columnar repeating units revealed by X-ray
crystal structural analysis are located straight along one axis
when tandemly conjugated.
Low-resolution solution structures of partial proteins contain-
ing different numbers of repeating units were modeled by an ab
initio modeling method from SAXS data. The program DAMMIN
calculated EbhA-R7 and EbhA-R7-R8 as columnar structures
with lengths of 80 and 110 A˚, respectively (Figures 6A and 6B).
The theoretical profiles calculated by ab initio modeling from
SAXS data agreed well with the experimental scattering data
(Figures 7A and 7B). The lengths of these molecules from the
crystal structures are 70 and 120 A˚, respectively. The models
agreed well with the crystal structures (Figures 6A and 6B) and
characteristics of the SAXS profiles described above, indicating
Table 1. Root-Mean-Square Differences of Main Chain Atoms in
Modules
Module
Averaged
Rmsda (A˚)
S module located at the N terminus of the A moduleb 3.12
S module located at the C terminus of the A moduleb 1.81
All S modules 0.73
All A modules 0.70
aAveraged values of all pairwise superpositions.
b A modules are superposed.16, 488–496, March 2008 ª2008 Elsevier Ltd All rights reserved 491
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low-resolution structure of EbhA-R5-R8was calculated, in which
a cylindrical shape 100 A˚ in diameter and 400 A˚ in height was em-
ployed as the initial shape of search volume based on the shape
of the P(r) function. The calculated model is a slightly distorted
rod-like shape200 A˚ in length (Figure 6C). The scattering curve
calculated from the structure was identical to that observed
(Figure 7C). A similar shape was also calculated by ab initio mod-
eling from SAXS data for EbhA-R10-R13, which also included
four repeating units (data not shown). The structure of EbhA-
R10-R19, which has ten iterations of the repeating unit, however,
could not be modeled well by using either DAMMIN or GASBOR
(data not shown).
DISCUSSION
The crystal structure of EbhA-R7-R8 showed that the originally
elongated repeating units were tandemly linked along the long
axis, resulting in a dog-leg structure that is 120 A˚ in length, which
corresponds to approximately twice the length of one repeating
unit. The structure of each repeating unit in EbhA-R7-R8 is sim-
ilar to that of EbhA-R1, which agreed with the observation that all
CD spectra normalized by the number of repeating units could
be superposed well with each other. SAXS profiles, P(r) func-
tions, and Guinier plots for cross-sections, suggested that all
of these proteins have a rod-like structure, the length of which
is dependent on the number of repeating units with a similar
cross-sectional diameter irrespective of the number of repeating
units. The low-resolution structures of EbhA-R7 and EbhA-R7-
R8 determined by ab initio modeling from SAXS data agreed
well with the structures determined by X-ray crystallography.
The ab initio modeling from SAXS data also proposed that
EbhA-R5-R8 is a rod-like molecule that is 200 A˚ in length. Based
Figure 4. CD Spectra of Partial Proteins of Ebh
(A) Spectra of EbhA-R7 (solid line), EbhA-R7-R8 (thick line), EbhA-R5-R8 (gray
line), EbhA-R10-R13 (dotted, gray line), and EbhA-R10-R19 (dotted line).
(B) Spectra normalized by the number of included repeating unit. EbhA-R7,
solid line; EbhA-R7-R8, thick line; EbhA-R5-R8, gray line; EbhA-R10-R13, dot-
ted, gray line; and EbhA-R10-R19, dotted line.
Figure 5. Analysis of SAXS Data of Partial Proteins of Ebh
(A) Pair distance distribution (P(r)) functions of proteins. EbhA-R7 (solid line),
EbhA-R7-R8, dotted line; EbhA-R5-R8, solid, gray line; EbhA-R10-R13, dot-
ted, gray line; and EbhA-R10-R19, dashed and dotted line.
(B) Guinier plots for cross-section. EbhA-R7, open circles; EbhA-R7-R8,
closed circles; EbhA-R5-R8, open squares; EbhA-R10-R13, closed squares;
and EbhA-R10-R19, open triangles. Plots are shifted along the vertical axis
direction by 0.1 units for ease of viewing. The calculated Rc values of cross-
sections are listed in Table 2.
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Structural Analyses of Ebh from S. aureuson the crystal structure of EbhA-R7-R8, the structure of EbhA-
R5-R8 was modeled by simply superposing one repeating unit
onto the next (Figure 6C). The resultant structure was a rod-
like molecule that is 240 A˚ in length, which agreed with the
model calculated from SAXS data (Figure 6C). It is plausible
that EbhA-R5-R8 exists as a rod-like molecule in solution, in
which four repeating units are linearly connected. It should be
noted that a similar structure was also calculated for EbhA-
R10-R13, the CD spectrum of which was quite similar to that
of EbhA-R5-R8. Unfortunately, the solution structure of EbhA-
R10-R19 could not be modeled well, possibly due to the enor-
mous length of the protein beyond the range of ab initio modeling
from the SAXS data collected in this study. However, the P(r)
function of EbhA-R10-R19 showed a rod-like molecule with
a cross-section diameter of 20 A˚, which is consistent with the
diameter of the crystal structure. Based on the results of X-ray
crystal structure analysis, CD spectrometry, and SAXS analysis
together with the sequence similarity of other regions (Figure 2),
it is possible that all 52 repeating units repeated in Ebh are lo-
cated tandemly, and that they construct an elongated structure
in vivo.
The structure of the whole length of the repeated region in Ebh
was calculated from the crystal structure of EbhA-R7-R8. Com-
parison of two molecules in an asymmetric unit showed that the
hinge region is located not at the A-S junction (i.e., between the
repeating units), but rather at the S-A junction (i.e., the junction of
two modules in a repeating unit) (Figure 3; Table 1). Therefore,
a region containing the A module of repeating unit 7 and the S
module of repeating unit 8—i.e., the C-terminal half of EbhA-
R7 and the N-terminal half of EbhA-R8—was defined as one
structural unit, and the arrangements of the adjacent structural
units were calculated by superposing a module in repeating
unit 7 on the next one. By using two molecules in an asymmetric
unit in the crystal structure (molecule A and molecule B), four
types of molecule were modeled: (1) S modules of molecule A
were superposed, (2) S modules of molecule B were super-
posed, (3) A modules of molecule A were superposed, and (4)
A modules of molecule B were superposed. In all cases, each
structural unit was spirally conjugated to the adjacent unit to
extend the structure.
The helical parameters calculated by superposing the adja-
cent structural units are summarized in Table 3. The axial trans-
lation per structural unit is quite similar in all four calculations,
suggesting that the repeated structure has a specific length.
From the averaged value of 61.21 A˚, the length of 52 repeated
units of Ebh was calculated as 320 ± 1.3 nm. On the other
Table 2. Cross-Section Rc of Each Partial Protein
Protein
Number of
Repeating
Units
Cross-Section
Rc (A˚)
Diameter of
Cross-Section (A˚)a
EbhA-R7 1 6.66 18.8
EbhA-R7-R8 2 5.41 15.3
EbhA-R5-R8 4 7.31 20.7
EbhA-R10-R13 4 5.41 15.3
EbhA-R10-R19 10 7.66 21.7
a The diameter of the cross-section was calculated by using the following
equation (Kajiwara and Hiragi, 1996): D = 2 3 21/2 3 Rc.Structurehand, the average of the rotation angle per structural unit,
156.62, indicates that structural units are rotated 22.6 times
within 52 repeats. These results suggest that the whole-length
structure of the repeating region is a rod-like molecule that is
320 nm in length with 22.6 spiral rotations. These calculations
correspond to modeling the whole structure from the structure
of EbhA-R7-R8 as described above (also illustrated in
Figure S1; see the Supplemental Data available with this article
online). It should be noted that there is significant variation in
the rotation angle per structural unit—the values of which vary
from 142.4 to 160.5. The difference of 18.1 in the rotation
angle indicates a difference of 2.6 rotations in 52 repeats: i.e.,
Figure 6. Low-Resolution Structures of EbhA-R7, EbhA-R7-R8, and
EbhA-R5-R8
(A–C) Calculated low-resolution structures are shown as green balls. Crystal
structures of (A) EbhA-R7 and (B) EbhA-R7-R8 superposed on those of low-
resolution structures are also shown as red ribbon diagrams. The structure
of (C) EbhA-R5-R8 inferred from the crystal structure of EbhA-R7-R8 is also
shown as a red ribbon diagram. The lengths of low-resolution structures and
structures deduced from the crystal structure of EbhA-R7-R8 are also indi-
cated as green and red letters, respectively.16, 488–496, March 2008 ª2008 Elsevier Ltd All rights reserved 493
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Structural Analyses of Ebh from S. aureusFigure 7. SAXS Profiles of EbhA-R7, EbhA-R7-R8, and EbhA-R5-R8
(A–C) (A) EbhA-R7. (B) EbhA-R7-R8. (C) EbhA-R5-R8. Circles indicate the raw
data. The theoretical profiles calculated by ab initio modeling from SAXS data
are drawn as red lines.494 Structure 16, 488–496, March 2008 ª2008 Elsevier Ltd All righ18.1 3 52/360 = 2.6. In addition, the difference in the angle be-
tween helical axes of each calculation varied from 1.0 to 8.5,
suggesting that the direction of the chain could be changed
within this range at the junctions. These results indicate that
some plasticity at the module junctions causes fluctuations in
chain direction, while keeping the whole trajectory length un-
changed. It is plausible that structural units are connected as
a train, in which each car corresponds to each structural unit
connected with a certain degree of flexibility along a winding rail.
If Ebh protrudes perpendicularly from the cell membrane
in vivo, it should pass through the cell wall and be prominent,
like a chestnut bur, because the thickness of the cell wall is
230 A˚ (Hiramatsu, 2001). This is not plausible considering the
entropic cost and rigidity required for such a conformation. Alter-
natively, Ebh could lie on the surface of the cell, like the fiber on
the surface of a coconut. The plasticity between structural units
would be suitable to allow it to pass though the cell wall layer.
When Ebh was expressed in Bacillus cells, some ribbon-like
products were observed by electron microscopy at the surface
of the cells, whereas they were not observed in controls (M.K.,
unpublished data). It has been reported that part of Ebh can
bind specifically to fibronectin (Clarke et al., 2002). Covering
the surface with Ebh would help bacteria to bind to host cells.
This may be followed by adhesion steps with MSCRAMMs.
The ligand molecules for all 52 repeating units in Ebh have not
yet been identified, although some have been reported (Clarke
et al., 2002). If they recognize different ECM components, the
bacterial cells will be able to bind to several host cells that
have different surface configurations. Another possible role of
Ebh lying on the surface is as ribs for maintaining the rigidity of
bacterial cells. The S modules may contribute to binding, with
sugars composing the cell wall. Attachment with the cell wall
at a number of points would strengthen the outer wall, which
would confer a significant survival advantage in harsh environ-
ments within host cells, such as under conditions of high salt
concentration or low pH. In this context, we cannot rule out the
possibility that Ebh is further oligomerized to improve its
strength. Further studies to identify the ligands for each repeat-
ing unit, which include ECM, components of the cell membrane,
and sugars, will provide critical insight into the function(s) of this
molecule in vivo.
EXPERIMENTAL PROCEDURES
Construction of the Expression Vector for Each Repeating
Unit in Ebh
The gene encoding the desired repeating units of Ebh was amplified by using
KOD-Plus DNA polymerase (Toyobo, Osaka, Japan), with Staphylococcus
aureus Mu50 genomic DNA as a template. The PCR products were inserted
into the NcoI and XhoI sites of the pET28b vector (EMD Biosciences, San
Diego, CA). The DNA sequences were confirmed by sequencing with an ABI
310 Genetic Analyzer (Applied Biosystems, Tokyo, Japan).
Expression and Purification of Each Repeating Unit of Ebh
Transformed E. coli strain B834 (DE3) harboring the expression vectors for the
desired repeating units of Ebh and pT-RIL (Stratagene, La Jolla, CA) was
grown at 37C in LB medium supplemented with 50 mg ml1 kanamycin and
34 mgml1 chloramphenicol until the early stationary phase. To induce expres-
sion of the desired protein, isopropyl b-D-thiogalactopyranoside was added to
a final concentration of 0.5 mM, and culture was continued for 18 hr at 25C.
The selenomethionine derivative of EbhA-R7-R8 was obtained by the samets reserved
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Structural Analyses of Ebh from S. aureusTable 3. Helical Parameters of Ebh Calculated from Superposing the Repeating Units
Superposed Modules
Rotation Angle
per Structural Unit ()
Number of Repeats
per Turn
Axial Translation
per One Structural
Unit (A˚) Pitch of the Helix (A˚)
S modules in molecule A 152.75 2.36 60.97 143.7
S modules in molecule B 160.49 2.24 61.45 137.8
A modules in molecule A 142.42 2.53 60.95 154.1
A modules in molecule B 156.53 2.30 61.44 141.3
Average 156.62 2.30 61.21 140.8method as described above, except by using M9 medium supplemented with
1 mM selenomethionine instead of LB medium.
Cells were harvested by centrifugation at 5000 3 g for 10 min at 4C, and
were then disrupted by using a Multi-Beads Shocker (Yasui Kikai, Osaka, Ja-
pan) in 50mMTris-HCl (pH 8.0), 300mMNaCl. The cell debris was removed by
centrifugation at 40,0003 g for 30min at 4C, and the supernatant was loaded
onto a HisTrap column (GE Healthcare Biosciences AB, Uppsala, Sweden)
pre-equilibrated with 50 mM Tris-HCl (pH 8.0), 300 mM NaCl. The column
was washed with 50 mM Tris-HCl (pH 8.0), 300 mM NaCl, 20 mM imidazole,
and the adsorbed protein was eluted with 5 ml 50 mM Tris-HCl (pH 8.0), 300
mM NaCl, 500 mM imidazole. Eluted protein was loaded onto a HiLoad 16/
10 HiPrep desalting column (GE Healthcare Biosciences AB) equilibrated
with 50mM Tris-HCl (pH 8.0), 300 mMNaCl, 1 mM EDTA, and was then further
purified on a HiLoad 26/60 Superdex 200 pg column (GE Healthcare Biosci-
ences AB) equilibrated with 50 mM Tris-HCl (pH 8.0), 300 mM NaCl, 1 mM
EDTA. Fractions containing the desired protein were collected and used for
further experiments.
Crystallization of EbhA-R7-R8
Purified EbhA-R7-R8 was dialyzed against 20 mM Tris-HCl (pH 8.0), and was
then concentrated to 20 mg ml1. Initial crystallization conditions were
screened by the sparse matrix method at 20C, by using a Crystal Screen
kit, Crystal Screen 2 kit (Hampton Research, Laguna Hills, CA), and Wizard I
and Wizard II (Emerald Biostructures, Bainbridge Island, WA). Crystals of
EbhA-R7-R8 suitable for further analyses were grown by the hanging-drop va-
por-diffusion method from 100 mM acetate buffer (pH 4.5), 2.3 M ammonium
sulfate.
X-Ray Diffraction
X-ray diffraction data of selenomethionine (Se-Met)-substituted EbhA-R7-R8
were collected on beamline BL38B1 at SPring-8 (Harima, Japan), under cryo-
genic conditions (100 K). For single-wavelength anomalous diffraction (SAD)
phasing, a wavelength of 0.9790 A˚ was chosen on the basis of the fluores-
cence spectrum of the SeK absorption edge. The data collection and process-
ing statistics are summarized in Table S1.
Structure Solution and Refinement
The initial phasing was achieved by the SAD method with the programs
SHELXC and SHELXD (Sheldrick et al., 2001). The subsequent phase improve-
ment was performed with the programsOASIS2004 (Yao et al., 2006a) and DM
(Schuller, 1996; Wang, 1985; Cowtan, 1994). The initial electron density map
was obtained after phase improvement by using the programs OASIS2004
and DM. A total of 157 of 514 residues were built automatically by RESOLVE
(Terwilliger, 2000, 2003a, 2003b), and 488 residues were rebuilt manually by
using the structures of partial models in the asymmetric unit, which were su-
perposed by the program LSQKAB (Kabsch, 1976) as part of the CCP4 suite
(CCP4, 1994) and the graphics program O (Jones et al., 1991), based on the
initial electron density map. There are two molecules of EbhA-R7-R8 in an
asymmetric unit. Additional model building, positional energy minimization,
and individual B factor refinementswere carried out automatically with the pro-
gram LAFIRE (Yao et al., 2006b). To monitor the refinement, a random 10%
subset from all reflections was set aside for calculation of the free R factor
(Rfree). After automatic refinement and model fitting by LAFIRE, several cycles
of refinement with the program CNS (Brunger et al., 1998) and manual modelStructure 1fitting were carried out, and then the water molecules were located automat-
ically. Finally, 488 residues and 280 water molecules could be placed in the
structure of EbhA-R7-R8 with crystallographic R values and Rfree values of
24.1% and 28.7%, respectively. The stereochemical qualities of the final re-
fined models were analyzed by using the program PROCHECK (Laskowski
et al., 1993). The refinement statistics are summarized in Table S1.
Calculation of root-mean-square deviations (rmsd) for structural compari-
son was performed by using the programs LSQKAB and COMPAR in the
CCP4 software suite (CCP4, 1994). Determination of contacting atoms was
performed with the CONTACT program in the CCP4 suite (CCP4, 1994).
Small-Angle X-Ray Scattering Measurements and Data Analysis
Small-angle X-ray scattering (SAXS) measurements were carried out by using
the optics and detector system for SAXS installed at beamline BL10C at the
Photon Factory (Tsukuba, Japan) (Ueki et al., 1983, 1985). The circulating elec-
tron current in the storage ring was 300–400 mA. A wavelength of 1.488 A˚ was
used, and the specimen-to-detector distance was90 cm. RawQ values from
1.3 3 102 to 3.35 3 101 A˚1 (Bragg spacing equivalent to dB = 570–18.8 A˚;
Q = 4p sin q/l, where 2q is the scattering angle) were registered at 512 different
angles by using a one-dimensional, position-sensitive proportional counter
with an effective length of 200 mm (Rigaku, Tokyo, Japan). All measurements
were carried out at 25C by using a temperature-controlled cell holder. The
sample concentrations were as follows: EbhA-R7, 16 mg ml1; EbhA-R7-R8,
25 mg ml1; EbhA-R5-R8, 17 mg ml1; EbhA-R10-R13, 12 mg ml1; EbhA-
R10-R19, 5.5 mg ml1. The times for SAXS analysis of EbhA-R7, EbhA-R7-
R8, EbhA-R5-R8, EbhA-R10-R13, and EbhA-R10-R19 were 30, 30, 60, 180,
and 300 s, respectively, and scattering data from multiple measurements
were accumulated for up to 360, 480, 1140, 540, and 2100 s, respectively,
to improve the signal-to-noise ratio. An immediate on-site check of experimen-
tal data was carried out by using SAXSANA (Hiragi et al., 2003). The net scat-
tering intensities were obtained by subtraction of the buffer blank. Data were
analyzed by using the program GNOM (Svergun, 1992).
Ab Initio Modeling from SAXS Data
All data were analyzed by using the programGNOM, followed by model calcu-
lation by ab initio modeling with two programs, DAMMIN (Svergun, 1999) and
GASBOR (Svergun et al., 2001). The model structures of the EbhA-R7 and
EbhA-R7-R8 of Ebh were calculated by using DAMMIN (Svergun, 1999), that
of EbhA-R10-R13 was modeled with GASBOR (Svergun et al., 2001), and
that of EbhA-R5-R8 was calculated by using both programs. DAMMIN and
GASBOR represent particle shape as an ensemble of densely packed beads
inside the search volume. Starting from a random distribution of beads, simu-
lated annealing is employed to find a compact configuration minimizing the
discrepancy, c, between the experimental and calculated scattering curves.
In the cases of EbhA-R7, EbhA-R7-R8, and EbhA-R10-R13, a spherical search
volume packed with dummy atoms was employed as the initial shape. In the
case of EbhA-R5-R8, based on the shape of the pair distance distribution func-
tion, a cylindrical shape 100 A˚ in diameter and 400 A˚ in height was employed as
the initial shape of the search volume packed with dummy atoms.
Dynamic Light Scattering
The polydispersities of proteins were measured by dynamic light scattering
by using a DynaPro (Wyatt Technology Corp., Santa Barbara, CA) or Model
802DLS (Viscotek, Crowthorne, Berkshire, UK).6, 488–496, March 2008 ª2008 Elsevier Ltd All rights reserved 495
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Proteins were dialyzed against 10mMTris-HCl (pH 8.0), 10mMNaCl, and then
CD spectra were measured on a JASCO J-725 spectropolarimeter (JASCO,
Tokyo, Japan) in a quartz cell with an optical path length of 1 mm. The CD
spectra were obtained by taking the average of four scans made from 350
to 190 nm and normalized tomolar ellipticities by protein concentrations deter-
mined by using a Quant-iT Protein Assay kit (Invitrogen, Carlsbad, CA).
ACCESSION NUMBERS
The atomic coordinates for the seventh and eighth repeating units of Ebh have
been deposited in the Protein Data Bank under the accession number 2DGJ.
SUPPLEMENTAL DATA
Supplemental Data include one figure and one table and are available at http://
www.structure.org/cgi/content/full/16/3/488/DC1/.
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